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Received 8 March 2005; received in revised form 22 July 2005; accepted 16 August 2005AbstractWe studied the population growth of two rotifer (Brachionus calyciflorus and Brachionus rubens) and two cladoceran
(Ceriodaphnia dubia and Moina macrocopa) species fed three diets (Chlorella vulgaris (Ch), Scenedesmus acutus (Sc) and
yeast (Saccharomyces cerevisiae) (Y) in seven combinations (alone or mixed in equal proportions (on dry weight basis):
Ch+Sc, Ch+Y, Sc+Y and Ch+Sc+Y). In general, the cladocerans were more adversely affected than the rotifers on
the diet of yeast alone. The population growth curves of B. calyciflorus and B. rubens revealed that algal diets were
superior to yeast. Regardless of diet, B. rubens had a longer lag phase and delayed peak density compared to B.
calyciflorus. Both M. macrocopa and C. dubia had higher peak abundances when fed mixed algae than on either alga
offered separately. B. rubens, C. dubia and M. macrocopa reached signiﬁcantly lower maximal densities on diets
containing yeast, S. acutus or both. When the data on the eggs/female (egg ratio) were plotted as function of
population density, we found an inverse relation, which was curvilinear for B. calyciflorus and linear for B. rubens. In
general, we found that yeast could effectively supplement algal diets in all the test species, thereby reducing costs in
large scale production of zooplankton.
r 2005 Elsevier GmbH. All rights reserved.
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Laboratory cultures of zooplankton species, mainly
cladocerans and rotifers, are generally raised on green
algae such as Chlorella vulgaris and Scenedesmus acutus.
While Chlorella is considered appropriate for rotifer
cultures, it is probably too small (4–5 mm) to be
efﬁciently utilized by cladocerans and therefore Scene-e front matter r 2005 Elsevier GmbH. All rights reserved.
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ess: nandini@servidor.unam.mx (S. Nandini).desmus (8–10 mm) is generally used. In terms of
quality, both these algal types have similar levels of
polyunsaturated fatty acids (o3=o6 ratios), yet the latter
is richer in lipids, proteins, nitrogen, and phosphorus
levels (Ahlgren, Inga-Britt, & Boberg, 1992). Baker’s
yeast (Saccharomyces cerevisiae) is also widely used to
culture rotifers (Hirayama & Funamoto, 1983) and
cladocerans (Michels & De Meester, 1998). Watanabe,
Kitajima, & Fujita (1983) have shown that zooplankton
cultured on yeast and on green algae have a similar
nutritional quality, although yeast is deﬁcient in several
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mance by cladocerans (Gulati & DeMott, 1997).
While members of Chlorophyceae are nutritionally
adequate for many zooplankton species, they are
difﬁcult to produce in large quantities for mass rotifer
or cladoceran cultures. Yeast, on the other hand, is
readily available but it is not fully known to what extent
this supports zooplankton mass cultures (Hirayama,
1987). Sometimes mixed food types support zooplank-
ton growth better than when offered separately. This
aspect too has not received much attention on zoo-
plankton growth studies (DeMott, 1999; Schmidt &
Jonasdottir, 1997)
Among zooplankton, the rotifers Brachionus calyci-
florus and Brachionus rubens and the cladocerans Moina
macrocopa and Ceriodaphnia dubia have received con-
siderable attention for evaluating life history character-
istics and population growth patterns. Some of these
species are often used to evaluate the diet types (Sarma,
Larios-Jurado, & Nandini, 2001). Various methods are
used to evaluate the diet effect on zooplankton growth.
Among them, the chemical analysis of food types or of
the zooplankton fed on them (Watanabe, Tamiya et al.,
1983) and the quantiﬁcation of changes in the popula-
tion numbers of zooplankton offered different diets are
common (Repka, 1997; Nandini & Rao, 1998). Among
these methods, population level responses of zooplank-
ton may be more appropriate because (a) of their
relevance to ecosystem functioning, (b) they are sensitive
and quantiﬁable in relatively short time and at low cost,
and (c) they are useful for understanding life history
strategies.
The ratio of eggs to females of zooplankton species is
an important variable to understand the patterns of
population growth in planktonic rotifers and cladocer-
ans (Edmondson, 1965). Generally, an inverse relation
exists between the egg ratio and the density of females in
a population. Though several factors are known to
inﬂuence this egg ratio (reviewed in Sarma, Gulati, &
Nandini, 2005), the effect of different food types is still
not well – documented.
In this study, we studied the effect of supplementing
algal diets with yeast on the population growth of two
cladoceran and two rotifer species.Materials and methods
The zooplankton species used in the study were (mean
length7standard error (mm), based on 20 adults): B.
calyciflorus Pallas (185712), B. rubens Ehrenberg
(11775, M. macrocopa Goulden (1286749) and C.
dubia Richard, (951757). They were isolated from local
waterbodies in Central Mexico and cultured using EPA
medium, which was prepared by adding 0.9 g ofNaHCO3, 0.6 g of CaSO4, 0.6 g of MgSO4 and 0.04 g
of KCl per litre of water (Anonymous, 1985). Zoo-
plankton cultures were changed every alternate day and
supplied fresh food. The conditions used for mass
cultures and for experiments were similar: temperature
25 1C, pH 7.5–8.0, and continuous but diffused illumi-
nation. All zooplankton species were fed C. vulgaris
(CL-V-3, CICESE, Ensenada, Baja California, Mexico)
(at a density of 1 106 cells ml1) and/or S. acutus
(University of Texas collection) at a density of 0.5 106
cellsml1). Both the algal species were batch cultured
using Bold’s basal medium (Borowitzka & Borowitzka,
1988) in continuous ﬂuorescent illumination. Baker’s
yeast (moist) was obtained commercially and a small
quantity was resuspended in EPA medium daily, prior
to use. The density of the algal and the yeast cells was
estimated using a Neubauer haemocytometer.
The dry weights of the algae were obtained from a
previous study (Enriquez-Garcia, Nandini, & Sarma,
2003) and following the same procedure, we determined
the dry weight of yeast. Based on dry weights (single
cells of C. vulgaris, S. acutus and S. cerevisiae were
0.0142, 0.025 and 0.032 ng, respectively), the different
diets were offered at the quantity of 14mg dry weight l1
per day. The three diets were offered in seven combina-
tions: (1) only yeast (S. cerevisiae) (Y), (2) only C.
vulgaris (Ch), (3) only S. acutus (Sc), (4) Equal
proportions of Ch+Sc, (5) Ch+Y, (6) Sc+ Y or (7)
Ch+Sc+Y.
Zooplankton growth experiments were conducted in
50ml containers with 25ml of the medium for rotifers
and in 100ml jars with 50ml of the medium for
cladocerans. For each species and treatment we main-
tained four replicates. In all we had 112 test vessels ( ¼
seven food types (and combinations)  four test species
 four replicates). The initial density of rotifers was
1 ind.ml1 and for cladocerans 0.4 ind.ml1. All test
jars were maintained in BOD incubator set at 25 1C
under continuous but diffused ﬂuorescent illumination.
Zooplankton were enumerated under a stereomicro-
scope (Nikon; SMZ-645) at a magniﬁcation of 10–50 
in acrylic Petri dishes. Following the initiation of
experiments, every day we counted all the zooplankton
in the test vessels and transferred them to freshly
prepared medium. For cladocerans, we counted all
individuals in each replicate for the entire duration of
the experiment. We counted all the rotifers in each test
container initially; when each container had a popula-
tion density of 4–5 ind.ml1, we used 3–4 aliquots of
1–5ml each to enumerate the test population. The
experiments were terminated when the populations
stabilized or began to decline, which varied between 16
and 30 days depending on the species.
We calculated the population growth rates for each
replicate of the treatment using the exponential formula:
r ¼ ðlnNt2lnN0Þ=t, where, N0 is the initial density and
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Where appropriate, we also used logistic growth
formula for deriving the growth rates (Case, 2000;
Krebs, 1985):
dN
dt
¼ rN ðK NÞ
K
,
where K represents the maximum population density
reached by a population under a given test conditions.
The egg ratios for rotifers were calculated as the total
number of eggs per female and the data were plotted
against the population abundance over the period of
study for both the brachionid species (Sarma et al.,
2005). For B. calyciflorus in inverse hyperbola
(f ¼ ða  bÞ=ða þ bÞ) and for B. rubens linear regression
(y ¼ a þ bx) yielded as the best ﬁt through computer
programming (Sigma Plot, ver. 8.0, USA).
The difference in the population growth rates as well
as the maximum population density and the day at
which it was reached was analysed using one-way
ANOVA followed by post hoc comparisons (Sokal &
Rohlf, 1995, Statistica Version 6).Fig. 1. Population growth curves of Brachionus calyciflorus
and Brachionus rubens fed different diets (Y ¼ yeast; Ch ¼
Chlorella; Sc ¼ Scenedesmus). Values represent mean7
standard error based on four replicates.Results
The population growth curves of B. calyciflorus and
B. rubens revealed that algal diets, in general, were
superior to yeast (Fig. 1). Both the rotifer species also
differed in their response to grow on the offered algae.
B. calyciflorus was able to grow well on Chlorella and
Scenedesmus while B. rubens showed poor growth on
yeast, Scenedesmus or their mixture. Regardless of diet,
B. rubens had a longer lag phase and delayed peak
density compared to B. calyciflorus. Both M. macrocopa
and C. dubia were able to grow on Chlorella and
Scenedesmus but not on yeast alone. Growth on yeast
improved to some extent when combined with alga;
nevertheless the growth was lower than when offered
algae alone (Fig. 2). Both the cladoceran species had
higher as well as earlier peak densities when fed
Chlorella than Scenedesmus and mixed algae than on
either alga offered separately.
There was a signiﬁcant impact of the diets on the peak
population density and the time to reach this for B.
rubens, C. dubia and M. macrocopa but not B.
calyciflorus (po0:01, F-test, Table 1). Post hoc (Tukey’s)
test showed that the three zooplankton species reached
signiﬁcantly lower maximal densities on diets containing
yeast, S. acutus or both. The population growth rates of
all the test organisms were signiﬁcantly inﬂuenced by the
diets (po0:01, F-test, Table 1; Fig. 3). In general, the
cladocerans were more adversely affected on diets of
yeast alone than the rotifers. Mixed diets allowed
growth rates similar to those observed on either algal
species offered alone. The egg ratios of rotifers declinedwith increasing population density (Fig. 4). The slopes
of the curves were steeper on diets that caused lower
growth rates. The inﬂuence of diet type on the egg-ratio
was evident in the case of B. rubens but not B.
calyciflorus; in the former it declined at a lower
population density on yeast, S. acutus or their mixture.Discussion
Of the two algal species used in this study, Scene-
desmus has been used earlier for culturing cladocerans
(DeMott & Gulati, 1999) while Chlorella has been used
for rotifers (Sarma & Nandini, 2002). This is due to the
differences in cell size (Scenedesmus is often twice as
large as Chlorella) and nutritional quality (Chlorella has
less lipids, proteins and carbohydrate per unit dry
weight than Scenedesmus) (Ahlgren et al., 1992). Yet,
when offered in equal biomass, both B. calyciflorus and
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Fig. 2. Population growth curves of cladocerans Ceriodaphnia
dubia and Moina macrocopa fed different diets (Y ¼ yeast;
Ch ¼ Chlorella; Sc ¼ Scenedesmus). Values represent
mean7standard error based on four replicates.
Table 1. Results of analysis of variance (ANOVA) performed
for maximum density, day at maximum population density
and the rate of population growth of B. calyciflorus, B. rubens,
C. dubia and M. macrocopa fed different diets
Source of variation df SS MS F
Maximum population
density
B. calyciflorus
Diet 6 3618.94 603.16 1.45 ns
Error 21 8724.31 415.44
B. rubens
Diet 6 43586.61 7264.43 79.83 ***
Error 21 1911.06 91.00
C. dubia
Diet 6 263.47 43.91 27.77 ***
Error 21 33.202 1.58
M. macrocopa
Diet 6 426.86 71.14 12.00 ***
Error 21 124.54 5.93
Day at maximum
population density
B. calyciflorus
Diet 6 77.42 12.90 2.16 ns
Error 21 125.25 5.96
B. rubens
Diet 6 263.42 43.90 13.31***
Error 21 69.25 3.30
C. dubia
Diet 6 1428.85 238.14 12.41***
Error 21 403.00 19.19
M. macrocopa
Diet 6 235.71 39.29 6.11***
Error 21 135.00 6.43
Rate of population
increase
B. calyciflorus
Diet 6 0.161 0.03 18.87***
Error 21 0.030 0.00142
B. rubens
Diet 6 0.133 0.02 23.06***
Error 17 0.016 0.00096
C. dubia
Diet 6 0.303 0.05 16.57***
Error 21 0.058 0.003
M. macrocopa
Diet 6 0.166 0.03 11.92***
Error 21 0.049 0.0023
***po0.001, ns, non-signiﬁcant, p40:05.
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on either alga. On the other hand, B. rubens and Moina
macrocopa had signiﬁcantly lower growth rates when fed
on Scenedesmus than Chlorella. These ﬁndings indicate
that Chlorella was a suitable diet not only for the rotifers
but also for the cladocerans. Yeast alone is known to be
a poor dietary source for zooplankton. Nevertheless it
could be used as a supplement for other algal diets.
Watanabe, Kitajima et al. (1983); Watanabe, Tamiya et
al. (1983) have shown that the nutritional quality of
cladocerans and rotifers varies little whether offered a
diet consisting of yeast or a diet consisting of algae. In
our study we did not evaluate this aspect. However, we
found that all the tested zooplankton had similar growth
rates on single algal diets as well as the mixtures with
yeast. Based on the population growth rates, it appears
that the use of yeast as supplement to algae could reduce
the costs of mass production of zooplankton.
The egg ratio of rotifers is a useful indicator of the
health of zooplankton cultures. Generally, an inverse
relation exists between the egg ratio and the density offemales in a population of zooplankton under optimal
growth conditions. Different environmental parameters,
particularly food quality, could inﬂuence this (Ooms-
Wilms, Postema, & Gulati, 1999). In the present study,
we observed a steady decline in the egg ratio with
increasing population density on the diets on which the
rotifers grew well while on those on which poor growth
was observed showed very steep decline in the egg ratio.
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Fig. 3. Rate of population increase (d1) of rotifers and
cladocerans fed different diets (Y ¼ yeast; Ch ¼ Chlorella;
Sc ¼ Scenedesmus). Bars bearing the same numbers are not
statistically signiﬁcant (40.05, Tukey’s test). Values represent
mean7standard error based on four replicates, a–g represent
diets as shown in Fig. 1.
Fig. 4. Relation between egg ratio (eggs female1) and
population density of B. calyciflorus and B. rubens cultured
using different diets.
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yeast or Scenedesmus or a mixture of both.
The population growth rate (r) of a species depends
on its numerical abundance (or density) and the time
taken to reach it (Krebs, 1985). The choice of using a
mathematical model for deriving r depends on the
patterns of the population growth of a given species,
which may in turn vary depending on the test conditions
(Case, 2000). In the present study, we used either
exponential model or the logistic growth equation
depending on whether the populations maintained a
distinct peak or oscillated around a density. In most
ecological studies, data on the growth rate are generally
sufﬁcient to evaluate different diets. However, in some
situations (e.g. aquaculture) it is important to consider
the impact of a given food type not only on themaximum density reached but also the time taken to
reach it. B. rubens in our study reached higher densities
on a mixture of Chlorella and yeast than on Chlorella
but it also took longer time to reach this density than on
the latter diet and therefore its growth rate was higher
on Chlorella. In aquaculture, occasionally maximal
densities are more important than growth rates, and in
such cases, it may be more beneﬁcial to select
zooplankton species that are capable of reaching higher
densities although they may take a longer time to do so,
than to select species which have higher growth rates but
lower peak densities.
The peak population densities of zooplankton are
also related to the relative body sizes of the species.
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numerically more abundant than the latter (Nandini &
Sarma, 2003). For any given species, the peak popula-
tion density is determined by various factors including
food level and culture conditions (temperature, fre-
quency of change of medium, etc.). Other less known
factors such as allelochemicals probably play an
important role too. For example, metabolites of ciliates
inhibit reproduction of certain species of rotifers
(Rothbird, 1975). It is not known if the metabolites of
a given zooplankton species have such effects on its
population.
Our study thus showed that yeast when mixed with
green algae, was appropriate for growing freshwater
rotifers and cladocerans. This could possibly reduce
maintenance costs for algae and reduce the production
costs of zooplankton.Acknowledgements
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